We describe our high-resolution measurements of the 133 Cs 6p 2 P 3=2 state hyperfine structure. An optically narrowed diode laser excites perpendicularly a highly collimated atomic beam. The spectra are calibrated with a stable reference diode laser using a rf locking scheme allowing us to determine the splittings with an accuracy of 2 kHz, an order of magnitude better than previous results. The magnetic dipole a, electric quadrupole b, and magnetic octupole c hyperfine coupling constants are determined. The values we obtained are a 50:288 2723 MHz, b ÿ0:493417 MHz, and c 0:567 kHz. This work represents the first observation of the magnetic octupole moment of the cesium nucleus. We carry out atomic-structure calculations and determine the nuclear electric quadrupole moment Q ÿ3:554 mb and nuclear magnetic octupole moment 0:8210 b N . DOI: 10.1103/PhysRevLett.91.072501 PACS numbers: 21.10.Ky, 27.60.+j, 32.10.Fn, 42.62.Fi We report the precise measurements of the neutral 133 Cs 6p 2 P 3=2 state hyperfine splittings (HFS). The HFS result from electron-nuclear interactions and provide information about both the electronic and nuclear structure [1] . We anticipate that refined values of nuclear moments may provide better fitting parameters for models of nuclear forces, such as used in recent calculations for Cs [2, 3] .
We report the precise measurements of the neutral 133 Cs 6p 2 P 3=2 state hyperfine splittings (HFS). The HFS result from electron-nuclear interactions and provide information about both the electronic and nuclear structure [1] . We anticipate that refined values of nuclear moments may provide better fitting parameters for models of nuclear forces, such as used in recent calculations for Cs [2, 3] .
Our HFS measurements must reach a precision of two parts in 10 ÿ5 in order to determine the nuclear magnetic octupole moment. Methods of optical-rf spectroscopy reach kHz accuracy [4] but states that decay through allowed transitions have lifetimes so short that high rf power, which could lead to systematic shifts, is required to redistribute the populations. For short-lived states, methods of polarization quantum beat spectroscopy [5] or laser frequency measurements in atomic beams [6] and thermal cells [7] have been successfully applied. The optical heterodyning technique we use here pushes the resolution of such measurements to 2 kHz, an order of magnitude better than previous results in Cs [6] .
The 6p 2 P 3=2 state is sensitive to the magnetic dipole, electric quadrupole, and magnetic octupole interactions because the orbital quantum number J 3=2. Our new values for the splittings are shown in Fig. 1 . Using a laser system and atomic beam, we acquire well calibrated fluorescence spectra. From the data, the hyperfine interaction constants a, b, and c can be deduced. This is to our knowledge the first attempt to determine the nuclear magnetic octupole contribution, c, of the 133 Cs nucleus. We also carry out the atomic-structure calculations to determine the corresponding nuclear moments from our measurements. Previous determinations of magnetic octupole moments were carried out either with complicated open-shell atomic systems [8] or with multivalence electron systems [9] . In this regard, Cs, being a simple univalent atom, is a system where high-accuracy calculations can be performed.
A detailed description of our atomic beam appears elsewhere [10] and only a brief description is given here. Cs vapor is heated in an oven to 170 C, while the Cs reservoir is kept at a lower temperature of 110 C. The atoms effuse through a nozzle constructed from an array of stainless steel tubes to produce a dense atomic beam, which is then collimated with a stack of microscope cover slips. The resulting atomic beam has a 13 15 mm rectangular profile and angular divergence less than 13.6 mrad in the horizontal plane confirmed by the experimentally determined 2.3(1) MHz residual Doppler width of the spectral lines. The Cs atoms are excited with a 5 mm diameter 1 W=cm 2 probe laser perpendicular to the atomic beam. The fluorescence intensity is detected with a large area photodiode placed below the laser-atom interaction region. A second detector monitors the transmission of the probe beam through the vacuum chamber to measure intensity, Cs background vapor, and atomic beam density (3 10 13 cm ÿ3 ). The vacuum in the chamber with the beam running is 1:33 10 ÿ4 Pa. Details of the laser system are described in Ref. [11] and a brief description is given here. An optically narrowed diode laser probes the 6s 2 S 1=2 F 3; 4 ! narrow linewidth reference diode laser beam and the beat note between the lasers is detected. The observed beat note is 100 kHz wide and limited by the resolution bandwidth of the spectrum analyzer, giving an upper limit on the linewidth of each laser of about 70 kHz. The reference laser is locked to a saturated absorption signal using a technique similar to that in [12] . The reference laser long term drift is estimated to be 30 kHz=h. The frequency difference between the lasers is locked to an rf oscillator. The probe laser can be scanned over a range of several hundred MHz by changing the rf oscillator frequency. The probe laser beam used for beat note measurements is frequency shifted by 80 MHz using an acousto-optic modulator (AOM). For F 3 excitation, this beam is frequency shifted up by AOM 80 MHz, and the reference laser is locked to the F 3 ! F 0 2 transition. A frequency counter measures the difference ( probe laser AOM ÿ ref laser ). For F 4 excitation, the reference laser is locked to the F 4 ! F 0 5 transition and the beam used for beat note measurements is shifted down by AOM 80 MHz. The frequency counter measures the difference ref laser ÿ probe laser AOM ). These shifts allow beat note measurements when the frequency of the probe beam is close to that of the reference laser.
The fluorescence and transmission detectors are connected to high-gain photodiode amplifiers. The amplifier output voltages are measured and averaged with a computer-based data acquisition system. The computer sets the rf oscillator to specific frequencies. A typical spectrum consists of 220 points when the excitation starts from the F 3 and 230 points when ecitation starts from the F 4 ground state. The fluorescence and transmission signals are read at a rate of 4000 samples/s until 2000 samples are collected. Simultaneously, the laser frequency difference is measured 100 times and averaged with the counter. Each data point contains the averaged value of the fluorescence and transmitted intensities with their standard deviations as well as the beat note frequency and its standard deviation. For a single point, the beat note standard deviation is between 15 and 25 kHz. Four spectra are recorded in one file, two of them with increasing and two with decreasing laser frequency. This is done in order to remove possible frequency drifts of the reference laser. The computer scans the probe laser with 0.5 MHz steps in the vicinity of a transition and with 10 MHz steps in between to reduce the scan acquisition time. This results in lower precision for the Lorentzian widths but does not affect the accuracy of the line center determined by the fit. A typical fluorescence spectrum with probe beam intensity of 1 W=cm 2 is shown in Fig. 2 .
The frequency dependence of our fluorescence spectra is well described by a Voigt profile and a thermally broadened Doppler profile to account for a Cs background [10] . In zero field with low excitation laser intensity, the contribution of Zeeman sublevels is a sum of Voigt profiles with relative peak heights determined by the angular momentum part of the transition probabilities. The low laser intensity and linear polarization minimize optical pumping that can create population differences between sublevels, and second-order effects such as off-resonant interactions with the lower 6p 2 P 1=2 state. The fitting process also includes an offset and a linear slope. A slope might be expected due to the 0.3% change of the laser intensity over the entire scan, but typically it is found to be close to zero since the amount of scattered laser light directly hitting the photodiode is negligibly small. The laser intensity change over the width of a transition is too small to be included in the line shape model. The amplified reverse voltage of the photodiode is responsible for the negative offset of all the spectra. It can differ over hours due to slow changes in detector temperature, but is found to be constant over a single scan ( 2 min).
The Levenberg-Marquardt nonlinear fitting method is taken from [13] . The parameters obtained by fitting are the Voigt profile centers and amplitudes, the Lorentzian widths, the Doppler width, the Doppler background width, and the Doppler background proportionality parameter, the offset, and the linear slope. The averaged fluorescence signals and frequencies with their standard deviations are used by the fitting program (Fig. 2) . Averaging the residuals over 100 data files for F 3 excitation, we found the maximum asymmetric deviations from zero to be 0.25 mV (0.05%) for 0.5 V peak height several times less than a single file residuals. Similar spectra were taken with the excitation starting from the F 4 ground state. Averaging the residuals for 100 scans shows a maximum asymmetric deviation from zero of the order of 1 mV (0.1%) for a 1.1 V peak height. The small scatter in the residuals is due to reference laser instabilities which are transferred to the probe laser frequency and to mechanical vibrations of the thermal beam with respect to the probe beam with a period comparable to or greater than 0.5 s, the averaging time of the data acquisition system. The peak centers for a single scan are determined with an accuracy of approximately 7 kHz. The Gaussian part of the profile is 2.3(1) MHz and the Lorentzian part is 5.5(1) MHz very close to the natural width of 5.23(1) MHz [14, 15] , but is slightly larger. Analysis shows that changing the density of points between the peaks changes the covariance between the Doppler and Lorentz widths of the peaks without changing the peak centers. This covariance alone can account for the slightly larger Lorentzian. Other possible contributions are the laser linewidth (70 kHz), power broadening (2.6 kHz), and time of flight broadening (2.4 kHz).
At laser intensities of 1 W=cm 2 the typical atom is excited no more than once in its transit minimizing optical pumping, and the Stark shifts due to neighboring levels are 20 Hz. By making measurements over a range from 1 to 4 W=cm 2 and from 1 to 70 10 ÿ6 Tesla dc magnetic field, we study possible systematic effects due to optical pumping and the Zeeman effect. With B 1 10 ÿ6 T and I 4 W=cm 2 , the largest change in the splittings is 6 kHz. With B 70 10 ÿ6 T and I 4 W=cm 2 , the largest change in the splittings is 10 kHz. With B 70 10 ÿ6 T and I 1 W=cm 2 , the largest change in the splittings is 4 kHz. With B 1 10 ÿ6 T, the final value and statistical uncertainty for each splitting is obtained by averaging the values from 100 files for each laser intensity and extrapolating to zero intensity.
The small asymmetry in the residuals 0:1% can be explained by tilt of the laser beam with respect to the atomic beam, leading to an upper limit on the systematic uncertainty in the splittings of approximately 1 kHz [10] . We combine this uncertainty in quadrature with the statistical uncertainty of the peak centers, which range from 1 to 2 kHz. The hyperfine splittings and their combined uncertainties are given in Table I . The consistency between the two measurements of the 3 $ 4 splitting starting from different ground state levels is a good test of the reliability of our model and fitting process. Another test is the ratio between peak heights. Because of the long term variations in the thermal beam, it is not practical to compare peaks from different scans. But the ratios in the same file can be compared with theory. All peak height ratios agree with theory within 6%, and the small 3% difference between measured and theoretical ratios for the cycling transitions
gives confidence that we work at intensities low enough to limit optical pumping.
Using first-order perturbation theory, the hyperfine structure Hamiltonian of an atom having a single electron outside closed shells is given by [1] :
where J is the electron angular momentum, I is the nuclear angular momentum, and F is the total angular momentum. where the last term in each splitting is added because of the second-order perturbation theory contribution due to 6p 2 P 1=2 state [16] . Our measured values for a, b, and c are given in Table II .
Following the relativistic derivation given in [1] , semiempirical estimations for the hyperfine coupling constants a, b, and c can be expressed through the magnetic dipole I , electric quadrupole Q, and magnetic octupole moments of the 133 Cs nucleus: 
where 0 is the magnetic constant, l 1,
, is the fine structure constant, Z is the nuclear charge reduced by P H Y S I C A L R E V I E W L E T T E R S week ending 15 AUGUST 2003 four for a p electron, h1=r 3 i is the nonrelativistic radial matrix element: 1
where Z 0 1 is the degree of ionization, n is the effective quantum number, is the quantum defect, n is the principal quantum number, and R 1 is the Rydberg constant.
Using the data from [18] , the parameters required to estimate the hyperfine coupling constants are n 2:363, d=dn ÿ0:059, h1=r
B . The value of I 2:582 768 114 N is taken from [19] . Our semiempirical estimations based on Ref. [1] are given in Table II. The all-order relativistic many-body theory (MBPT) described in [17] results in a few percent accuracy for several well-known alkali atom constants a. Therefore we anticipate a similar accuracy for the constants b and c. Using this technique we calculate b=Q 139 MHz=b and c= 0:68 kHz=b N . These MBPT values also appear in Table II . The theoretical uncertainty is estimated to be about 1%. Combining our MBPT results with our measured values of b ÿ0:493417 MHz and c 0:567 kHz, we arrive at Q ÿ3:554 mb and 0:8210 b N with experimental and theoretical uncertainties added in quadrature. The value of Q is in agreement with the value obtained through molecular measurements [20] .
It is instructive to compare with predictions of the nuclear shell model [21] . With an unpaired valence proton in the g 7=2 shell, n:s:m: 0:095hr 2 i p N , with the hr 2 i 1=2 p being the rms radius of the valence proton orbital. Roughly approximating this radius with the rms charge radius of hr 2 i 1=2 4:807 fm one arrives at n:s:m:
133 Cs 0:022 b N . Compared to our inferred value, the nuclear shell model underestimates the magnetic octupole moment by a factor of 40. The reason for this discrepancy is not clear and 133 Cs may present an interesting test case for nuclear-structure calculations. [6] ÿ0:532 [6] 47. 6 142 Q (b) 1:1 (b N ) 48.51 [17] 139 Q (b) 0:68 (b N ) 
